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Fine-grained magnesium alloy QE22 (Mg2.5wt.%Ag2.5wt.%RE0.6wt.%Zr) was prepared from cast ingot
which was submitted to a two stages heat treatment. Subsequently the billet was overaged and extruded at high
temperature. Samples were deformed at elevated temperatures from 380 ◦C up to 480 ◦C at various strain rates.
Microstructure of deformed samples was studied using light and electron microscopy. Conditions for superplasticity
of the investigated alloys have been estimated. Possible deformation mechanisms are discussed.
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1. Introduction
Magnesium alloys containing rare earth (RE) elements
are interesting for many industrial applications because
of their low density and good mechanical properties, such
as high specific strength at room and elevated tempera-
tures, creep resistance and machinability. The addition
of RE elements with Ag remarkably improves mechanical
properties due to the existence of thermally stable precip-
itates [1]. Ageing causes precipitation within the grains.
The decomposition of the supersaturated solid solution
starts with the formation of coherent GP zones. It pro-
ceeds with the precipitation of two metastable hardening
phases, and it gives rise to the formation of a stable pre-
cipitate at high temperature [2]. On the other hand, mag-
nesium alloys with their hexagonal close packed structure
exhibit lower ductility especially at lower temperatures.
It is due to the limited number of slip systems for easy
glide in the basal plane. To fulfil the von Mises crite-
rion slip in a non-basal glide system is necessary [3]. The
high critical resolved shear stress is the main reason for
the limited ductility of magnesium alloys at lower tem-
peratures. One way to overcome this restriction is to
find conditions for superplastic deformation. In the su-
perplastic region ductility of materials significantly in-
creases and deformation process runs under a very small
stress. Superplasticity of magnesium alloys of AZ series
was reported in several papers for example [46]. On the
other hand, superplasticity of magnesium alloys contain-
ing rare earth elements was studied only rarely [79]. In
order to find conditions for superplastic forming without
complicated fine-grained processing and increase applica-
tion value, the superplastic behaviour and microstructure
evolution of thermo-mechanically treated QE22 magne-
sium alloy have been investigated in the present paper.
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2. Experimental
Commercial QE22 (2.5Ag2.5RE0.7Zrbalance Mg,
in wt.%) was used in this study. As cast billets were heat-
treated in two stages followed with hot extrusion. The
thermo-mechanical processing consists of the subsequent
steps: solution treatment at 470 ◦C for 10 h quenched
in air; and overageing at 380 ◦C for 10 h followed warm
extrusion at a temperature of 350 ◦C to obtain rods. Ten-
sile specimens with a gauge length of 10 mm and a gauge
diameter of 6 mm were machined with the tensile axis
parallel to the extrusion direction. Abrupt strain-rate
jump tests in tension and tensile tests with a constant
crosshead speed were carried out using an Instron 5582
universal testing machine. The deformation tests were
carried out at 420, 450, and 480 ◦C. Experiments at
420 ◦C were performed at constant strain rates in an in-
terval from 7 × 10−5 to 1.3 × 10−2 s−1. Tensile tests at
450 and 480 ◦C were realized with a constant machine
speed. The strain rate sensitivity parameter m, defined
as m =
(
d lnσ
d ln ε˙
)
T
was measured using the abrupt strain
rate change test [10]. The furnace temperature was con-
trolled with an accuracy of ±1 ◦C. The microstructure of
the extruded and deformed alloys was observed by light
microscope OLYMPUS and scanning electron microscope
TESCAN VEGA LMU II. The resulting material after
homogenization, precipitation ageing and hot extrusion
exhibited a grain size of 6.1 µm.
The substructures of the specimens were examined us-
ing JEOL 2000FX transmission electron microscope op-
erated at 200 kV. Foils for transmission electron mi-
croscopy (TEM) investigation were prepared by ion thin-
ning with help of Technoorg Linda unit IV3/H system ion
miller under small incidence angle of ion beam (to avoid
artifacts in the substructure of the foils) and a voltage of
45 kV between cathodes.
3. Results and discussion
Microstructure of the as cast QE22 alloy consists of
α-grains (solid solution of alloying elements in Mg) dec-
orated at grain boundaries by the second phase parti-
cles (Fig. 1a). TEM revealed chains of smaller particles
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containing Nd and Ag located mainly at grain bound-
aries (see Fig. 1b), only few particles were found inside of
grains. These particles were dissolved during homogeni-
sation annealing (470 ◦C for 10 h). TEM showed only
groups of smaller and bigger non-dissolved zirconium par-
ticles. These Zr particles are very stable and they were
not influenced by the homogenisation treatment. Small
particles situated in grain boundaries were found after
thermomechanical treatment (Fig. 1c). Very high stabil-
ity of the grain structure is supported by the stable Mg3
(Ag, Nd) particles.
Fig. 1. Microstructure of the alloy: (a) light micro-
graph of the as prepared material consisting of α
grains (light) and second phase particles (dark) situated
mainly in grain boundaries, (b) TEM micrograph of the
as cast alloy showing particles of Mg3 (Ag, Nd) phase in
grain boundaries, (c) TEM micrograph of the alloy after
thermo-mechanical treatment showing particles of Mg3
(Ag, Nd) phase located mainly in grain boundaries.
High values of the strain rate sensitivity of the flow
stress, m, represent one of the main features of super-
plastic deformation. The high values of m as well as the
elongation to failure, εf , are observed only in a certain
region of the strain rates and temperatures. The values
of the strain rate parameter, m, estimated for various
strain rates and temperatures at three temperatures are
introduced in Fig. 2a. A strong strain rate dependence
of the m-parameter is obvious from Fig. 2a. Usually the
m value of 0.3 is considered as a limit of the superplastic
behaviour i.e. superplastic deformation should be limited
to strain rates between 74 × 10−5 and 1 × 10−3 s−1 for
temperatures 0.5−0.7TM (where TM being the melting
point in [K]). Elongations to fracture obtained at various
deformation temperatures for samples aged at three tem-
peratures are introduced in the Table. Note that values
estimated at 420 ◦C were obtained at a constant strain
rate.
Microstructure analysis of samples deformed at 450
and 480 ◦C showed many cavities and deformation twins.
The original grain size of ≈6 µm slightly increased during
Fig. 2. Results of mechanical tests: (a) strain rate de-
pendences of the strain rate sensitivity parameter m es-
timated for three temperatures, (b) plot of normalised
stress σ/G vs. 1/T .
TABLE
Maximum strain rate sensitivity, m(max), grain size after
high temperature deformation, dm, elongation to fracture,
εf estimated for various temperatures.
TD [
◦C] m (max) dm [µm] εf [%] ε˙ [s−1 × 10−4]
420 0.60 490∗ 2.0
450 0.71 15.1 880 3.3
480 0.66 23.0 910 3.3
deformation to 15.1 µm at 450 ◦C and 23 µm at 480 ◦C
but uniaxial shape of grains remained.
The surface of the sample deformed at 450 ◦C is in-
troduced in Fig. 3b. Second phase particles and oxides
which were formed during high temperature deformation
are visible. Deformation twins and GBS are in the micro-
graph indicated by the light arrows. Bands visible at the
surface are the traces of glide planes. These planes are
very probably basal planes. Several authors observed (for
example [11]) that during extrusion process a special tex-
ture is formed in hexagonal materials. The basal planes
are oriented parallel to the extrusion direction (and also
tension direction). Rotation of grains and free surface of
the sample enabled formation of observed pattern.
Fig. 3. Deformation features: (a) tip of the sample de-
formed at 480 ◦C (light micrograph), (b) surface wrin-
kles after deformation at 450 ◦C (SEM).
Strain rate ε˙ of materials deformed at high tempera-
tures is expressed by a relationship of the form
ε˙ = A
Gb
kT
(
b
d
)p ( σ
G
)n
D, (1)
where A is a dimensionless material constant, G shear
modulus, b is the Burgers vector of dislocations, d the
grain size, p the grain size exponent, n = 1/m is the
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true stress exponent. kT has its usual meaning. D is
the diffusion coefficient (= D exp(−Q/RT ), where D the
frequency factor, Q the activation energy for the diffu-
sion process and R the gas constant), Steady state plas-
tic flow of coarse-grained metals at high temperatures,
above 0.4TM , is usually described by dislocation motion
and storage on obstacles. These obstacles may be either
of non-dislocation type as well as of dislocation type. As
the obstacles of the non-dislocation type grain bound-
aries, incoherent precipitates or twin boundaries are con-
sidered. Steady state character of deformation is the con-
sequence of equilibrium between hardening and recovery
processes. Dislocation cross slip and climbing of disloca-
tion may be considered as softening processes. In the fine
grained materials two other independent mechanisms 
grain boundary sliding accommodated by slip and direc-
tional diffusional flow may be considered [12, 13]. Each
of the three deformation mechanisms has specific values
of n, p, and Q by which the mechanism can be uniquely
defined. For the plastic flow by slip of dislocation the
high values of the stress exponent (n = 5 or higher) are
characteristic and the activation energy is close to values
for the activation energy of the lattice diffusion or for
the pipe diffusion. The grain size exponent p is close to
zero [14]. Grain boundary sliding accommodated (GBS)
by dislocation slip or diffusional flow is characterised by
the low values of the stress exponent (lower than 3 and
1 in the case of ideal superplasticity) and the activation
energy is equal to the lattice or grain boundary diffu-
sion or combination of both. Maximum estimated value
of the stress sensitivity parameter exhibits 1.43. In or-
der to understand the deformation mechanisms during
superplastic process, the apparent superplastic deforma-
tion activation energy Qs may be calculated [15]:
Qs =
1
m
R
∆ ln
(
σ
G
)
∆
(
1
T
) . (2)
The shear modulus is given by the relationship
G = 1.66× 104
[
1− 0.49
(
T − 300
924
)]
. (3)
The normalised stress σ/G plotted vs. 1/T is introduced
in Fig. 2b. The activation energy estimated using Eq. (2)
exhibits 114.8 kJ/mol. The activation energy estimated
for volume diffusion in Mg is 135 kJ/mol and for grain
boundary diffusion 92 kJ/mol [16]. It has been shown
by Arzt et al. [17] that the overcoming of intergranular
precipitates by grain boundary dislocation leads to higher
activation energy. The deformation mechanism is consid-
ered to be GBS accommodated by slip controlled by lat-
tice and grain boundary diffusion. Twinning as an accom-
modating mechanism may not be excluded. Observed de-
formation twinning may be considered as an additional
accommodation mechanism. Documented grain growth
prevent the diffusional accommodation process/(es) and
lead to the formation of cracks.
4. Conclusions
Fine grained MgAgRE alloy was prepared with a
special thermo-mechanical treatment. The grain size re-
finement may be attributed to very stable Mg3 (Ag, Nd)
phase situated in grain boundaries formed during the
preparation process. Tensile deformation was performed
at three temperatures from 420 to 480 ◦C. The maximum
elongation was estimated for the strain rates in the order
10−4 s−1, where also the maximum of the strain sensi-
tivity was found. Superplastic deformation is realized by
grain boundary sliding accommodated by lattice/grain
boundary diffusion and mechanical twinning.
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